Dehydrodiconiferyl alcohol glucosides (DCGs) Candidates for such a non-adenyl metabolite are the cell division-promoting substances found in fractions isolated from hormone-autonomous Catharanthus roseus crown gall tumors by . These tumors, now also known to synthesize zeatin and ZR (18), were recently reinvestigated ( 16). The fractions isolated by Wood et al.(29) were shown to contain DCG4 isomers capable of replacing cytokinin in the promotion of tobacco pith growth in culture. The individual DCG isomers differed in their ability to stimulate proliferation with isomers A and B (differing only in the enantiomeric nature of the phenylpropanoid dimer) being the most active (5). The relatively inactive isomers D and E differed from A and B only with respect to the location of the glucose moiety, at the C-13 hydroxyl and C'-4 hydroxyl, respectively (5). Moreover, the active DCGs were found in quiescent tobacco pith tissue at low levels (approximately 0.05 yM) but at 20-to 50-fold higher levels in actively growing cultured pith tissue (5). Such results indicated that these naturally occurring, phenolic derivatives could stimulate cell division. To demonstrate that the purified DCGs were, in fact, responsible for the biological activity observed, DCG isomers A and B (hereafter referred to as DCG A + B) have been synthesized chemically and their activities reexamined. The results presented here indicate that synthetic DCG A + B possess cell division-promoting activity but do not share several other biological activities with the adenine-derived cytokinins. In addition, we show that the accumulation of DCG A and DCG B in cultured tobacco pith explants is 4Abbreviations: DCG, dehydrodiconiferyl alcohol glucoside;
ulation of one process, such as cell division, would be facilitated by the separation of this action from the other activities of the hormones. One strategy is to determine whether a cellular metabolite that accumulates in the presence of cytokinin can replace it to stimulate a particular process. Such a metabolite could be a downstream component of a regulatory pathway specific to the process in question. More specifically, do cytokinin-stimulated tissues, or cytokinin-autonomous tissues, contain compounds that could substitute for cytokinins in cell division assays? This question is particularly relevant in light of the fact that certain cytokinin-habituated (nonrequiring) cell lines of tobacco and soybean have been reported that do not contain increased levels of either the isopentenyl adenosine or ZR-type cytokinins (9, 10, 30) .
Candidates for such a non-adenyl metabolite are the cell division-promoting substances found in fractions isolated from hormone-autonomous Catharanthus roseus crown gall tumors by Wood et al. (27) (28) (29) . These tumors, now also known to synthesize zeatin and ZR (18) , were recently reinvestigated ( 16) . The fractions isolated by Wood et al. (29) were shown to contain DCG4 isomers capable of replacing cytokinin in the promotion of tobacco pith growth in culture. The individual DCG isomers differed in their ability to stimulate proliferation with isomers A and B (differing only in the enantiomeric nature of the phenylpropanoid dimer) being the most active (5) . The relatively inactive isomers D and E differed from A and B only with respect to the location of the glucose moiety, at the C-13 hydroxyl and C'-4 hydroxyl, respectively (5) . Moreover, the active DCGs were found in quiescent tobacco pith tissue at low levels (approximately 0.05 yM) but at 20-to 50-fold higher levels in actively growing cultured pith tissue (5) . Such results indicated that these naturally occurring, phenolic derivatives could stimulate cell division. To demonstrate that the purified DCGs were, in fact, responsible for the biological activity observed, DCG isomers A and B (hereafter referred to as DCG A + B) have been synthesized chemically and their activities reexamined. The results presented here indicate that synthetic DCG A + B possess cell division-promoting activity but do not share several other biological activities with the adenine-derived cytokinins. In addition, we show that the accumulation of DCG A and DCG B in cultured tobacco pith explants is regulated by cytokinin in a fashion correlated with the induction of cell division.
MATERIALS AND METHODS

Syntheses Methyl Ferulate
Ferulic acid was esterified according to the procedure of Brenner and Huber (6) . The acid (1.9 g, 10 mmol) was dissolved in 25 mL of methanol. The solution was cooled in an ice bath for 15 min, before thionyl chloride (1.2 g, 10 mmol) was added. The ice bath was replaced with a heating mantle, and the solution was heated to reflux for 1 (26) . In one, methyl ferulate (500 mg, 2.4 mmol) was dissolved in 5 mL of methylene chloride, and the solution was diluted with 45 mL ofchloroform. Potassium ferricyanide (1.5 g, 4.6 mmol), dissolved in 50 mL ofsaturated aqueous sodium bicarbonate, was added, and the biphasic mixture was stirred slowly (the two phases remaining distinct) for 6 h. The phases were separated, and the organic phase was washed with brine, dried with sodium sulfate, and concentrated in vacuo. The remaining material was chromatographed on silica gel, eluting with ether/pentane (2:1), to afford a white crystalline solid (180 mg, 36%).
In the alternative procedure, methyl ferulate (1.8 g, 8 Ag2O/CH2Cl2; 7, 14) . Glucosylation was effected instead through a dehydrative coupling with 2,3,4,6-tetra-O-acetylglucose, under Mitsunobu conditions (19) . Dehydrodimethyl ferulate (750 mg, 1.8 mmol) and 2,3,4,6-tetraacetylglucose (1.25 g, 3.6 mmol) were each dissolved in 4 mL of methylene chloride, and the two solutions were combined. Diethylazodicarboxylate (500 mg, 2.9 mmol) was added to the reaction mixture, which was then stirred for 10 min. Triphenyl phosphine (1.0 g, 3.8 mmol) was dissolved in 5 mL of methylene chloride and then added dropwise to the reaction mixture, pausing when the reaction mixture began to boil until solvent evaporation ceased. The reaction mixture was stirred for 2 h and then added directly to a silica gel column that was eluted with ether/pentane (2:1). The glucoside band was chromatographed on silica gel, eluting with benzene/ethyl acetate (6:1, v/v), to afford a mixture of aryl glycosides, of which dimethyl dehydrodiferulate tetraacetyl-f,-glucoside was the major component (490 mg). 'H-NMR (500 MHz, acetone-d6) 6 were at a similar developmental stage, the number of leaves initiated that were >25 mm long was used as an indicator of age rather than chronological age alone.
N. tabacum L., cv H425, leaf callus cultures were initiated January 26, 1988 , and maintained on LS (15) medium containing 1 ,uM NAA and 0.5 Mm kinetin for monthly subcultures. All tissue cultures were incubated at 25 ± 1°C with a light/dark cycle of 16:8 h using fluorescent lights (Cool White, Sylvania, Fall River, MA) at approximately 7 to 9 W/cm2 (PAR).
Glycine max. L., cv "Mandarin Ottowa," cotyledon-derived callus line Cl was kindly provided by Dr. Richard Amasino, University of Wisconsin, Madison, WI, and cultured on a modified LS medium containing 2x the normal phosphate, 1 mg/L each of nicotinic acid and pyridoxine, 10 mg/L of thiamine, 10 Mm NAA, and 1 MM ZR, under the conditions described above.
Assays Leaf Explants Bioassays
Leaves of N. tabacum L., cv H425, plants were surface sterilized as described previously (17) . Leaf explant squares, 3 mm per edge, weighing approximately 5 mg, were cut from 12-to 14-cm long leaves and placed two per plate in plastic Petri dishes (35 mm diameter x 10 mm high) containing 2.6 mL of agar-solidified test medium. Test media consisted of LS medium supplemented with NAA plus either ZR or a 1: 1 mixture of synthetic DCGs A + B as cell division factors. The ZR and DCGs were filter sterilized and added aseptically to cooling, autoclaved medium. After a 28-d incubation, callus proliferating on each leaf explant was removed, cut into approximately 2-mm3 (approximately 8 to 10 mg) pieces, with samples from each treatment subcultured onto medium ofthe exact composition as in the first culture or onto medium lacking the cell division factor, i.e., containing NAA only. After a 21-day incubation, the subcultured callus was harvested, and the fresh weight was measured. Growth data are presented as ln W/ W0, where W is the final fresh weight and Wo is the fresh weight of the explant at day 0. All bioassays were conducted at least twice with a sample size of six or greater per treatment.
Callus Proliferation Assays N. tabacum L., cv H425, leaf callus was grown on LS maintenance medium (described above) until the late stationary phase of growth (35 to 40 d postsubculture). Tissues were cut into 3-mm3 pieces and cultured on experimental media for two transfers as described above for leaf explants.
Soybean callus assays were performed essentially as the tobacco tissue culture assays but on the modified LS medium described above containing 10 (16) . The last step was reverse-phase Cig HPLC with UV detection to quantify the DCG A + B levels. At this step, the peaks were collected and counted to estimate recovery of the internal standard. The identity of the peaks believed to be DCG A + B was verified by coinjection of a known amount of synthetic DCG A + B with the sample extract.
Dehydrodiconiferyl Alcohol Quantitation H425 pith tissues were excised and cultured as described above. Tissues were ground in 0.5 to 1.5 mL of 1% aqueous fl-mercaptoethanol in a glass Tenbroeck tissue grinder and rinsed with 9.5 to 8.5 mL of the same extraction medium, respectively, into 15-mL centrifuge tubes. Each sample received [12- 
RESULTS
Dehydrodiconiferyl Alchohol Glucoside A and B and Aglycone Syntheses
The DCGs were synthesized by the overall route shown in Figure 1 . The oxidative dimerization (26) followed by Mitsunobu glycosylation (19) gave reasonable yields ofthe DCGs A and B. The material and its peracetate were spectroscopically and chromatographically identical with the natural product (16) . Dehydrodiconiferyl alcohol was produced either by hydrolysis of the phenolic glucoside or by the oxidation of coniferyl alcohol with horseradish peroxidase and dilute hydrogen peroxide (22) . The enzymatic reaction was immediate, produced the coupling product in good yields, and was conveniently scaled up. In contrast, attempts to oxidize coniferyl alcohol with potassium ferricyanide resulted in the immediate formation of polymer.
Growth and Cell Division
A mixture of synthetic DCG isomers A and B (1:1) was tested for its ability to stimulate callus proliferation on N. tabacum L., cv H425, leaf explants. Because the ratio of cytokinins to auxin is known to be important for growth of cells in vitro, a range of NAA doses was incorporated into media containing the DCGs to determine whether the biological activity of the synthetic DCGs was affected by the level of this auxin. The results (Fig. 2) showed that 1Mm NAA was the optimal auxin concentration for DCG activity and was used in all subsequent assays. Additional bioassays were performed to determine whether DCG A + B affected callus growth on H425 leaf explants in a dose-dependent manner.
Typical results indicated that 10 to 30 AM DCG A + B (with 1 AM NAA) was required for callus proliferation and that the highest concentration of DCG A + B tested, 60 Mm, was still not growth inhibiting (Fig. 3) . The adenine cytokinin, ZR, was optimal at 1 ,M and supraoptimal at -3 AM. DCG A + B, tested up to 100 Mm, did not stimulate growth to the levels achieved at the optimal ZR concentration. Primary pith explants of H425 tobacco, also known to require cytokinin for continuous growth and cell division (4) (Fig. 4A) and stimulation of mitotic activity in the leaf callus (Fig. 4B) . DCGs A + B induced a peak of cell division at day 10 of culture, whereas the mitotic index of the auxin-treated tissues remained at a constant low level at the times measured. The ZR-treated tissues exhibited a faster growth rate and earlier peak of mitotic activity. (13) . These results suggest that there can be cell line-specific variation in the response of plant tissues to cell division-promoting phenolics. log ,uM CDF Go phase of the cell cycle (1). To examine the possible role of DCGs in cytokinin stimulation of cell division, H425 pith tissues were grown in the presence ofeither auxin (1 ,M NAA) or auxin plus ZR (1 ,tM) , and the levels of DCGs A + B were measured after 0, 1, 3, 5, and 7 d of treatment. In addition, growth and mitotic index were measured every day for the 7 d of incubation. The results of four replicate experiments were combined to determine the average pattern ofgrowth, mitotic index, and DCG accumulation. On a fresh weight basis, the tissues cultured on either NAA or NAA + ZR exhibited similar growth characteristics during the 7-d growth period (Fig. 6A) . To determine whether the observed growth of these pith tissues was due to cell division or cell expansion, their mitotic indices were measured daily. The NAA-treated tissues exhibited a low level of mitotic activity during the 7-d culture 9 .. Other Cytokinin Bioassays Cytokinins stimulate shoot organogenesis from cultured leaf explants (24) . When H 425 leaf explants were cultured on synthetic DCGs A + B, but without auxin, no shoots were initiated on the explants at concentrations up to 100 Mm (Fig.  SA) , whereas ZR was required at a minimum concentration of 1 ,uM. These experiments confirm that the DCGs do not possess the organogenic properties of the cytokinins (5) . Cytokinins are also known to induce betacyanin pigment synthesis from tyrosine in Amaranthus seedlings (2) . At concentrations up to 100 Mm, neither synthetic DCGs A + B nor their aglycone stimulated the accumulation of betacyanin in A. cruentus L. seedlings (Fig. 5B) . period (Fig. 6B) , indicating that the growth observed in Figure  6A was primarily cell elongation. In contrast, the ZR-treated pith showed substantial mitotic activity, with the first peak of mitotic activity observed at day 5 of culture ( Fig. 6B) followed by a subsequent increase at day 7. These results clearly document the cytokinin-mediated control of mitosis in these tissues.
Quantitation of the DCGs in these tissues demonstrated that their absolute amounts varied between experiments, ranging from 0.04 to 1.3 jM on day 0 and from 0.8 to 24 jtM at the peak of DCG accumulation in ZR-treated pith. Therefore, the data were plotted as the -fold increase in concentration of DCG A + B over the day 0 level, to compare relative changes in DCG levels with growth and cell division. In tissues grown on NAA and ZR, the DCG A + B levels began to accumulate at day 3 and then increased further through day 7 to approximately 40 times the day 0 levels (Fig. 6C ). This increase was temporally correlated with mitotic activity observed in these tissues (Fig. 6B ). In the NAA-treated tissue the absolute DCG levels were much lower (0.2-2 uM at peak), and there was a much smaller increase in the DCG A + B level (Fig. 6C) . The presence of some mitotic activity did correlate with low levels of DCG A + B observed in these samples. As expected from the results described above, the DCGs accumulated to a much greater extent in the ZR-treated tissues. Particularly striking was the observation that the ratio of the aglycone to DCG A + B was relatively low in both auxin-and auxin plus cytokinin-treated tissues in the first 3 d of the culture period but then increased to quite high levels in the auxin-treated tissues (Fig. 7) . (Fig. 4) . In addition, the morphological phenotype and magnitude of the growth responses of the DCG-stimulated tissues differed from those treated with ZR or kinetin. Tissues grown even on the highest DCG concentrations tested closely resembled those stimulated by suboptimal cytokinin levels. Thus, the DCGs could not replace all of the growth-promoting activities of cytokinins but, rather, had only some subset of the growthpromoting activity of the adenine cytokinins. The DCGs also did not exhibit other activities of cytokinins. Of particular interest is the fact that tobacco leaf explants would respond to the DCGs in growth and cell division assays but would not respond to them in shoot initiation assays, even at concentrations of 100 gM. These results suggest that the activity of the DCGs is specific to promotion of growth and cell division. DCGs 
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